Yale University

EliScholar – A Digital Platform for Scholarly Publishing at Yale
Public Health Theses

School of Public Health

January 2022

Identification Of An In Vitro Medium For Leptospira Spp. As A
Surrogate For Host Environment, Using Rna-Seq Transcriptome
Analysis
Zitong Lin
lztlzt1998@163.com

Follow this and additional works at: https://elischolar.library.yale.edu/ysphtdl

Recommended Citation
Lin, Zitong, "Identification Of An In Vitro Medium For Leptospira Spp. As A Surrogate For Host
Environment, Using Rna-Seq Transcriptome Analysis" (2022). Public Health Theses. 2173.
https://elischolar.library.yale.edu/ysphtdl/2173

This Open Access Thesis is brought to you for free and open access by the School of Public Health at EliScholar –
A Digital Platform for Scholarly Publishing at Yale. It has been accepted for inclusion in Public Health Theses by an
authorized administrator of EliScholar – A Digital Platform for Scholarly Publishing at Yale. For more information,
please contact elischolar@yale.edu.

Identification of an in vitro Medium for Leptospira spp. as a Surrogate for Host Environment,
Using RNA-Seq Transcriptome Analysis

Zitong Lin

A Thesis Submitted in Candidacy for the Master of Public Health

Year of Completion: 2022
Year of Graduation: 2022

Advisor Chair: Elsio Wunder, Ph.D., MS, DVM
Committee Member: Amy Bei, Ph.D.

Department of Epidemiology of Microbial Diseases
Yale School of Public Health

Abstract
Pathogenic Leptospira species causes millions of leptospirosis cases around the world
and is an urgent public health issue that needs to be properly addressed. The infection leads to
clinical manifestations ranging from self-limiting febrile illness to severe life-threatening
symptoms. Currently, there is a lack of sensitive assay for early diagnosis of leptospirosis, and
there is no FDA-approved vaccine for human use in the United States. Despite the worldwide
occurrence of this zoonotic disease, low and middle-income countries are disproportionately
affected by it. A better understanding of the pathogenesis of Leptospira is a crucial step for the
development of better diagnostic assays and effective vaccines. Currently, leptospiral research is
highly dependent on animal models, which increases the cost and time of research, and can’t
eliminate the lack of reproducibility among different species, especially humans, while raising
ethical issues. In this study, we evaluated and compared the gene expression of Leptospira on the
transcriptome level. We compared different growth media with the hamster model to identify a
medium that can be used as an in vitro surrogate for the host environment in key steps of
leptospiral research. The results show that among different media tested, EMEM and DMEM are
better choices to mimic the host environment.

1

Acknowledgments
First of all, I would like to thank my thesis committee. I am very grateful for the help from Dr.
Elsio Wunder, who guided my project and provided me with expertise in Leptospira. He has
been very patient with me, providing insightful feedback on my thesis. Thanks for giving me this
wonderful opportunity to gain more experience in infectious diseases. I also want to thank my
academic advisor Dr. Amy Bei, who supported me emotionally and encouraged me when I faced
difficulties. I enjoyed her class and she has always been kind to me.

I want to thank our lab manager Catherine Muenker and other lab members in Albert Ko’s lab,
who helped with my experiment and supported me in the lab all the time.

I want to thank Dr. Leandro Garcia, Dr. Zheng Wang and Dr. Francesc Lopez-Giraldez, who
gave me suggestions on data analysis and taught me about bioinformatics.

I want to thank Yale Center for Genome Analysis (YCGA) for their kind help with sample
sequencing and data processing.

I want to thank my parents, who have financially supported my undergraduate and master's
programs and provided me with infinite love across the sea.

Lastly, I want to thank all my friends and other lab members from Dr. Albert Ko Lab for taking
care of me and helping with my thesis.

2

Table of Contents

Abstract

1

Acknowledgments

2

Table of Contents

3

List of Figures

4

Background

5

Method

7

Results

10

Discussion

16

References

19

Appendix

22

3

List of Figures
Figure 1. qPCR results of L. interrogans DNA

11

Figure 2. Growth curve analysis of L. interrogans serovar Copenhageni

13

Figure 3. Principal component analysis (PCA) across different media

15

Figure 4. Sample to sample distance plot

15

Figure 5. The top 20 variable genes across different conditions

16

4

Background
Pathogenic spirochetes of the genus Leptospira are zoonotic infectious agents that can
cause leptospirosis. Around the world impoverished populations are the primary targets, with an
estimated 1.03 million cases and approximate 60,000 deaths each year 1. With new isolates found
in the environment, the Leptospira genus currently has 68 species, with more than 300 serovars
able to establish chronic carriage in the kidney tubules of a large spectrum of wild and domestic
mammals 2. Those reservoirs harbor and excrete the agent from their renal tubules,
contaminating soil and water where low concentrations of Leptospira can survive for weeks. Due
to the wide range of mammalian reservoirs, with rats being the most important one, pathogenic
Leptospira species are widely disseminated worldwide 3,4. Spillover infections to humans in
diverse epidemiological settings occur through mucosa and/or wounded skin contact with
contaminated environment. Infection leads to clinical manifestations ranging from self-limiting
febrile illness to severe life-threatening symptoms of jaundice and acute renal failure (Weil’s
disease), and pulmonary hemorrhage syndrome (LPHS), the latter two fatal in >10% and 50% of
cases, respectively 5. Leptospirosis has now emerged as an urban disease among the growing
numbers of poor residing in slum settlements, including inner-city homeless populations in
developed countries 6. There is an estimate of one billion people living in urban slums where the
lack of good sanitation greatly increases the risk of rat-borne transmission 7. Moreover, extreme
weather caused by global climate change makes heavy rain prediction harder and potentially
escalates the burden and risk of leptospirosis 8.
Since leptospirosis leads to high morbidity and mortality, prevention and diagnostics will
be the priority targets for health professionals and researchers. Inactivated whole-cell bacterins
have been widely used in animals and more restricted for specific human populations (Cuba,
5

China, France, Japan), but the pitfall makes this type of vaccine difficult to be used as a universal
vaccine 9. Bacterins only induce a relatively short immunity and provides protection only against
the serovar(s) included in the vaccine 10. Due to the common disease manifestations in the early
stage, underreport of leptospirosis is not rare. Current diagnosis heavily relies on the sample
collection timing during the acute progression of the disease to get true positive results. IgM
enzyme-linked immunosorbent assay (ELISA) and PCR don’t provide information on infection
serovar while gold-standard microscopic agglutination test (MAT) can be labor-intensive and
time-consuming 11. The lack of a safe and effective vaccine as well as quick and accurate
diagnostics are consequences of the poor understanding of the leptospiral pathogenesis.
Animal models such as guinea pigs, hamsters, mice, and rats are commonly used for
virulence studies of leptospirosis, but heavily animal use in research has been raising concerns
for ethical issues. Most pathogenesis studies focus on host-pathogen interactions where different
animal models are used, resulting in many animals experiencing painful disease progression. Not
only are animals suffering from the symptoms of the disease, but also technicians can be
frustrated while trying to keep a neutral perception when euthanizing animals 12. Each animal has
a variable reaction to infectious agents based on genetic and environmental conditions and
reproducibility is required as the foundation of conducting the experiment 13. Repeating animal
experiments always involves extra costs on money, time, and other resources. Thus, minimizing
animals use and meeting animal welfare requirements are desirable and are regulated under the
federal government.
Since its development, the next-generation mRNA-sequencing has promoted our
understanding of post-transcriptional modifications and gene expression profiling and has been
widely used as tools to examine virulence factors. Several studies have shown the change of the
leptospiral gene regulation in accordance with the environment and temperature change
6

including outer membrane proteins (OMPs) which are considered as virulence factors and
potential targets for diagnostic assays and vaccine development 14–17. In the present study, we aim
to evaluate and compare the transcriptomic gene expression profiling of L. interrogans in
different media and host environment, searching the best in vitro medium where Leptospira can
have a similar gene expression level as in vivo conditions, which will potentially minimize
animal use and increase the efficiency of virulence studies.

Method
Media Preparation and Growth Curve
We used six different media/conditions for this experiment: 1] EMJH 29°C, 2] EMJH
37°C, 3] EMEM, 4] DMEM, 5] HAN, and 6] Modified HAN/EMJH.
Ellinghausen–McCullough–Johnson–Harris (EMJH) medium is the traditional media to culture
leptospire, and it was prepared as previously described 18 supplemented with 1% of rabbit serum.
EMEM medium was prepared from Eagle’s Minimum Essential Medium (EMEM) (ATCC
30-2003) with 5% rabbit serum and 100 µL 0.018 mM FeSO4. DMEM medium was prepared
from Dulbecco’s modified Eagle medium (DMEM) supplemented with 5% rabbit serum and 100
µl 0.018 mM FeSO4. HAN medium was prepared following the methods previously described 19.

This media is a combination of components from the traditional EMJH media, e.g. Bovine
Serum Albumin (BSA), Tween 80, and others, with DMEM. Modified HAN/EMJH medium was
prepared following the basic components of HAN as described above but using the EMJH
supplement. Each media was inoculated with 104 L. interrogans serovar Copenhageni strain
L1-130 and incubated at 37°C under 5% CO2 (EMJH 37°C, EMEM, DMEM, HAN, and
modified HAN/EMJH) and at 29°C (EMJH 29°C). The growth curve was evaluated by counting
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the cells every other day for 14 days, using a Petroff-Hausser counting chamber (Fisher
Scientific). The experiment was repeated twice for reproducibility.

Bacterial Strain, Animal Model and Challenge
Golden Syrian Hamsters were used as the animal model for these experiments. Hamsters
are highly susceptible to leptospirosis, is the model of choice for acute leptospirosis, and
emulates the natural history and clinical presentation of severe leptospirosis in humans 20,21.
Leptospires were cultured in the Ellinghausen–McCullough–Johnson–Harris (EMJH) at 29˚C in
the shaking incubator. Two groups of six 12-week-old hamsters were infected with a dose of 108
L. interrogans serovar Copenhageni strain Fiocruz L1-130 by conjunctival route 22. After 7-days
post-challenge, five hamsters were euthanized, and one hamster was left for confirmation of
virulence. During the euthanasia, 3 mL of blood was taken by cardiac puncture from each animal
for DNA or RNA extraction. For DNA extraction, blood was collected with and without EDTA
to obtain sera and plasma. For RNA extraction blood was collected using only EDTA tubes.

qPCR
Sera and plasma were obtained by centrifugation of clotted blood and whole blood with
EDTA, respectively, at 1,000 × g for 15 min at room temperature. DNA was extracted from
serum, plasma and whole blood of hamsters using Maxwell® 16 tissue DNA purification kit
(Promega Corporation, Madison, WI), following the manufacturer's instructions and using a 200
μL elution volume. The concentration of leptospires was quantified by a TaqMan-based
quantitative-PCR assay using an ABI 7500 system (Thermo Fisher Scientific, Inc.) and Platinum
Quantitative PCR SuperMix-UDG (Thermo Fisher Scientific, Inc.). The qPCR reaction was
performed using lipL32 primers and probes as previously described 22 with the bacterial
8

quantification being calculated and expressed as the number of leptospires per milliliter based on
a standard curve 22.

RNA isolation
Whole blood with EDTA and different media with mid-log-phase cells were centrifugated
at 6000 x g for 15 minutes. TRIzol Reagent (Cat. No. 15596018, ThermoFisher) was added to
the centrifugated pellets for RNA stabilization. RNA isolation was performed using Direct-zol
RNA MiniPrep (Cat. No. ZR2050, Zymo Research). TURBO DNA-free kit (Cat. No. 00759969,
Invitrogen) was used to eliminate DNA residuals. RNA concentration, purity and quality was
verified using NanoDrop instrument (Thermo Fisher Scientific Inc., Waltham, MA). Samples
were stored at -80°C until downstream analysis.

Sequencing & alignment
Samples were sent to Yale Center for Genome Analysis (YCGA) for mRNA library
construction using TruSeq standard mRNA Library Prep kit and sequenced on Illumina NovaSeq
with 75bp paired-end reads. Sequences were mapped according to the reference genome of L.
interrogans serovar Copenhageni strain Fiocruz L1-130 from NCBI. Trimmed raw reads were
aligned to the genome using HISAT2 v2.1. Alignments with a quality score below 20 were
excluded from further analysis. Reads were counted for each gene with StringTie v1.3.3 and the
Python script prepDE.py provided in the package.

Statistical analysis
Data for growth curve and qPCR was plotted and analyzed using GraphPad Prism 9.3.1
(GraphPad Software, San Diego, CA). Two-tailed Mann-Whitney test was performed within
9

comparisons among qPCR outcomes of whole blood, serum, and plasma. R (v4.1.3) was used to
run differential gene expression analysis with DESeq2 package 23 and to visualize data with
ggplot2 package. Raw count matrix made from the upstream analysis was input data and was
filtered by only including gene counts larger than 10. “HAN/EMJH vs. WB”, “HAN vs. WB”,
“EMEM vs. WB” and “DMEM vs. WB” were compared. Regularized logarithm transformation
(rlog) 23 was performed for principal component analysis (PCA) and heatmap clustering.

Ethical statement
All animal protocols were approved by the Institutional Committee for the Use of
Experimental Animals, Yale University (protocol # 2020-11424). Hamsters were monitored
twice daily for endpoints including signs of disease and death. At the end of the experiment (7
days post-challenge) or moribund animals presenting with difficulty moving, breathing or signs
of bleeding or seizure were immediately sacrificed by inhalation of CO2.

Results
Whole-blood as a surrogate for host-environment
To determine the best tissue to evaluate transcriptome of Leptospira during host
infection, we tested different components of the hamster blood: whole blood, plasma, and sera.
As previously described, with a dose of 108 leptospires by conjunctival route, the animals started
presenting symptoms of severe leptospirosis between days 8-10 post challenge, which would
lead to euthanasia. Thus, we collected blood from the animals on day 7 after challenge for those
studies. Our qPCR results showed a statistically significant difference in the bacterial burden
among those components. The whole blood concentration was significantly higher (p>0.05) with
2 x 106 leptospires (GEq)/mL, compared to 7,937 and 2,367 leptospires/mL found in serum and
10

plasma, respectively (Figure 1). For that reason, we chose whole blood at 7-days post-challenge
as the sample to be evaluated for the transcriptome of Leptospira in the host environment.

Figure 1. qPCR results of L. interrogans DNA extracted from whole blood, serum, and
plasma of hamsters. (WB vs. SM, P<0.05; WB vs. PL, P<0.05; SM vs. PL, P>0.05)

Viability of media for leptospirosis growth and timepoint for transcriptome analysis
To evaluate the ability of the chosen media to allow leptospires’ growth and determine
the timepoint for the transcriptome analysis, we tested the growth curve of the serovar
Copenhageni in 6 media/conditions. Our results indicate that the serovar Copenhageni behaved
differently in each media. DMEM and EMEM media had a very similar trend, showing a quick
exponential growth that peaked on day 4, followed by a longer stationary phase until day 10,
with the start of the death phase (Figure 2). EMJH 29°C and Modified HAN/EMJH had a very
similar exponential phase, with Modified HAN/EMJH peaking at day 8 and EMJH 29°C peaking
at day 10. However, the stationary and death phase for the Modified HAN/EMJH medium was
11

more evident (Figure 2). The HAN medium had also a long exponential phase, peaking at day
14, although never reaching the concentrations observed in EMJH 29°C and Modified
HAN/EMJH, but with similar concentrations as DMEM and EMEM. Finally, the EMJH 37°C
medium was not suitable in our experiments to allow the growth and multiplication of
leptospires, and for that reason we didn’t include this medium in our transcriptome analysis.
RNA was extracted on day 4 for DMEM and EMEM, day 6 for HAN/EMJH and EMJH 29°C,
and on day 8 for HAN, all representing logarithmic phase of growth on the respective media.

Figure 2. Growth curve analysis of L. interrogans serovar Copenhageni in six different
growing conditions. (The experiment were repeated twice)
12

Overall sequence data quality meets expectation
After sequencing analysis, each sample was generated with more than 100M high quality
reads. Unique mappable reads were greater than 95% for all samples except whole blood (WB)
samples as expected. Even though most of the RNA extracted from WB samples were not from
Leptospira, above 90% of mapped reads were from coding regions. Ribosomal genes, intergenic
and intronic genes reads were below 10% in terms of good quality (Table S1). MA plot
examined the log-fold change with the mean of normalized gene counts between two conditions.
Unshrunk data with no specification of two-group comparison had a skewed distribution (Figure
S1A). After applying shrunken log fold changes 24, each media compared with WB showed
normalized gene counts that are not influenced by low gene counts. The significantly expressed
gene counts were less in “WB vs. EMEM” and “WB vs. DMEM” visually (Figure S1B-E).
Dispersion plot showed most of the estimates were close to the fitted line except for some
outliers (Figure S2). For the purpose of visualization, we conducted rlog transformation to
minimize heteroscedasticity across all genes (Figure S3).

Leptospira in EMEM and DMEM behave more similar to host environment compared with other
media
Principle Component Analysis (PCA) revealed that a total of 77% variance among
samples was explained by PC1 (61%) and PC2 (16%). All replicates with the same condition
except for WB were closely clustered indicating high reproducibility of the experiment. Variation
among WB samples was relatively large compared with other samples (Figure 3). HAN and
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HAN/EMJH were far away from WB, EMEM and DMEM clusters, suggesting that they have
very different environment for Leptospira to grow.
Sample to sample distance plot indicated high similarity between replicates in each group
(Figure 4). From hierarchical clustering, which was based on Euclidean distance, we saw a
distinct group separation (HAN and HAN/EMJH vs. WB, EMEM and DMEM), which further
confirms dissimilarity of HAN and HAN/EMJH from other media and WB. Between DMEM
and EMEM, EMEM was slightly more closely related to WB due to its closer distance to the
clade. WB samples showed very different gene expression level with replicates. The hierarchical
clustering also suggested a similar pattern comparing all genes across different groups of samples
(Figure S4).

Figure 3. Principal component analysis (PCA) across different media. (n=2 for DMEM,
EMEM, HAN, HAN/EMJH; n=3 for WB)
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Figure 4. Sample to sample distance plot. Darker color indicates greater similarity between
samples.

Rather than looking at comparisons with all genes, we showed 20 genes that were most
divergent across all samples. The color showed the deviation from mean gene expression in each
sample (Figure 5). HAN and HAN/EMJH had opposite gene expression levels compared to the
other media. Many genes are coding for hypothetical proteins which have unknown biological
functions, but some other genes are pivotal in pathogenesis like LruC and KatE (Table S2).
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Figure 5. The top 20 variable genes across different conditions. (Color shows the deviation
from the mean gene expression.)

Discussion
High concentration of leptospires in the blood suggests the successful invasion of serovar
Copenhageni from conjunctival route, which is in accordance with a previous study 25. We
choose to study the RNA from Leptospira in the whole blood to mimic the host environment
over other tissues or organs for the purpose of getting gene expression level during the
dissemination stage. This is a crucial stage for triggering immune response in the host, which is
also an ideal stage for investigating the pathogenesis of leptospirosis 26. Although leptospires can
disseminate through different tissues 22, the transcriptomic profile would most likely be different
on those sites since it involves adhesion, translocation, and colonization of the bacteria to the
16

host tissue. Further studies would be important to understand the transcriptome profile during
different phases of the disease and on different sites.
The conditions of growth with 5% CO2 at 37°C is the choice for mammalian cells. For
that reason, our media conditions where focused on that combination. The EMJH medium is the
most common media to grow leptospires at 29°C. Interestingly, when we used this medium alone
at 37°C with 5% CO2, leptospires were not able to multiply effectively. In comparison, the
EMJH supplement when combined with DMEM (HAN/EMJH) provided a good environment for
growth on those conditions, indicating that the EMJH medium itself is not a good surrogate for
the host environment. Other study shows that serovar Copenhageni grows well under 37°C on a
shaker with a starting concentration at 4 x 106 leptospires/mL 27, higher than used in our studies
which would make it difficult to measure the appropriate logarithmic phase of growth. Although
on this experiment they showed that under 37°C there was a high expression on virulence factors
such as ligA and ligB they didn’t have an environment with 5% CO2. Combined, those two
factors could explain why the leptospires were able to thrived in such environment compared to
our study. Unfortunately, the RNA extraction from EMJH 29°C was not used for sequencing due
to low concentration yield. After optimization of RNA extraction, this condition can be
compared with other conditions in future studies.
Notably, the reproducibility of replicates for cell cultures is consistent across different
groups of conditions except for WB samples. The inconsistency among WB samples might be
explained by two reasons. First, pathogenesis in each host might be varied based on the
differences in individual hamster. Even though the same amount of leptospires were used, the
progression of leptospirosis was different and uncontrollable. Pooling samples from multiple
animals might be a solution but also adds selection bias on the sample. Second, less than 1% of
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total reads from WB are mapped on the reference genome, suggesting that the variability of
samples might be due to an inadequate amount of leptospires sequences. The concentration of
leptospiral RNA in WB was very small compared to the host RNA. One method that we will be
testing in the future is to design leptospiral-specific primers for cDNA amplification, which
could improve the detection of leptospiral RNA on host samples.
The gene expression level on HAN and HAN/EMJH media was highly diverge compared
to the WB. On the other hand, EMEM and DMEM were more similar to WB on a gene-wise
comparison. Interestingly, some of the most variable genes across samples are critical for
pathogenesis. One of them is LruC protein, which is an outer membrane protein that can cause
recurrent uveitis 28. Another noticeable gene KatE also provides useful function in virulence in
vivo. KatE codes for catalase which can cope with H2O2-induced oxidative stress, suggesting a
resistance to the host innate immune response 29. Future studies can focus on network analysis to
see how different genes are involved in biological pathways, extending our knowledge about the
host-pathogen interaction.
For future data analysis to further confirm the results, we should find housekeeping genes
in serovar Copenhageni from literature to normalize our data based on these genes, by which we
have more confidence to call which medium is the best host environment surrogate. Another
possible analysis is to generate more RNA-seq data, which means repeating experiments to have
more sequencing data. We can first identify genes that express consistently from all samples and
evaluate if these genes also are expressed at a similar level with those from repeated experiment
data.
Overall, we show that most of the media have very different transcriptomic profiles
including some virulence factors, when comparing with WB. Serovar Copenhageni behaves
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differently in HAN, HAN/EMJH, EMEM and DMEM media according to the growth curve. The
transcriptomic data shows very distinct profile for leptospires in different conditions. Among all
media tested, EMEM and DMEM are better choices for in vitro surrogates for the host
environment based on the sample to sample distance plot. To this date, there is no reliable
transcriptome data of Leptospira from host environment. A previous study evaluated the
transcriptome of leptospires after culturing them in dialysis membrane inside the intraperitoneal
of rats 30. Although the results showed differential expression of potential genes of interest, this
analysis has a bias for the environment (temperature, oxidation levels, etc.) but also ignoring
other features of pathogenesis while using an animal model. Although it might be difficult to
completely replace animal models from leptospirosis studies, given the complexity of the
pathogenesis process, ideally we can introduce a media that can be used for proof-of-concept and
validation studies, which in turn would reduce considerably the number of animals being used to
better understand the pathogenesis of such important disease.
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Appendix
Table S1. RNA-Seq alignment Metrics. Samples with great than 80% mappable reads, <10%
unmapped reads, <10% ribosomal, <10% intergenic and intronic regions are considered good
quality.
Sample Total.R p.Uniq
eads
ue

p.Unm
apped

p.Codi
ng.UT
R

p.Intro
nic

p.Ribo
somal

p.Inter
genic

Read.L conditi
ength
on
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WB1

125918 0.03%
124

99.96
%

92.76
%

0.00%

0.04%

7.20%

100

WB

WB2

109708 0.11%
620

99.89
%

93.47
%

0.00%

0.00%

6.53%

100

WB

WB3

150359 0.18%
840

99.81
%

92.32
%

0.00%

0.03%

7.65%

100

WB

HANE
MJH1

134176 96.75
298
%

1.05%

94.06
%

0.00%

0.02%

5.92%

100

HANE
MJH

HANE
MJH2

130892 95.96
304
%

1.40%

94.16
%

0.00%

0.01%

5.83%

100

HANE
MJH

HAN1

101592 95.53
682
%

1.14%

94.24
%

0.00%

0.04%

5.73%

100

HAN

HAN2

102202 96.21
410
%

1.01%

93.86
%

0.00%

0.04%

6.10%

100

HAN

EMEM 107369 96.57
1
114
%

1.19%

93.55
%

0.00%

0.03%

6.43%

100

EMEM

EMEM 109779 96.39
2
876
%

1.04%

92.96
%

0.00%

0.08%

6.96%

100

EMEM

DME
M1

112444 97.03
034
%

1.20%

93.26
%

0.00%

0.00%

6.74%

100

DME
M

DME
M2

120226 97.37
086
%

0.97%

93.77
%

0.00%

0.00%

6.23%

100

DME
M
23

S2 Table. Top 20 variable genes across all samples.
Locus tag

Protein ID

Protein

LIC_RS12815

WP_001031671.1

tetratricopeptide repeat protein

LIC_RS14035

WP_000057577.1

hypothetical protein

LIC_RS14145

WP_000081452.1

sigma-70 family RNA
polymerase sigma factor

LIC_RS06450

WP_000173795.1

hypothetical protein

LIC_RS01950

WP_000811119.1

hypothetical protein

LIC_RS03615

WP_000746007.1

hypothetical protein

LIC_RS03625

WP_001071893.1

hypothetical protein

LIC_RS03630

WP_000913838.1

LIC_10705 family lipoprotein

LIC_RS03635

WP_000913842.1

LIC_10705 family lipoprotein

LIC_RS03620

WP_000243193

hypothetical protein

LIC_RS04220

WP_000991776.1

hypothetical protein

LIC_RS15890

WP_001218040.1

LruC domain-containing
protein

LIC_RS08830

WP_000708679.1

hypothetical protein

LIC_RS18875

WP_000721945.1

LruC domain-containing
protein

LIC_RS10380

WP_000088214.1

KatE, catalase

LIC_RS03640

WP_001026249.1

SGNH/GDSL hydrolase family
protein

LIC_RS03645

WP_000960241.1

hypothetical protein

LIC_RS08645

WP_000738272.1

LIC_11695 family lipoprotein

LIC_RS07730

N/A

16S ribosomal RNA

LIC_RS05215

N/A

16S ribosomal RNA
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B
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C

D

26

E
Figure S1. MA plot for raw data and comparison between WB vs. other conditions. A) raw
data from DE analysis. B) shrinkage data with coefficient “WB vs. EMEM”. C) shrinkage data
with coefficient “WB vs. HAN”. D) shrinkage data with coefficient “WB vs. DMEM”. E)
shrinkage data with coefficient “WB vs. HAN/EMJH”. Blue color indicates significantly
expressed genes (p<0.05). Grey color indicates non-significantly expressed genes (p>0.05).
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Figure S2. Dispersion over the mean of normalized counts. Black dots are acquired from
Maximum likelihood estimates (MLE). Red line is a fitted trend. Blue dots are final estimates of
shrunken toward the fitted lien. Black dots with blue circles are dispersion outliers.

Figure S3. The gene-wise standard deviation over the average counts of genes.
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Figure S4. Clustering Heatmap examines all genes across different groups.
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